The neural cell adhesion molecule (N-CAM) mediates neuron-neuron adhesion, is ubiquitous in the nervous system of developing and mature vertebrates, and undergoes major alterations in both amount and distribution during development. Perturbation of homophilic (N-CAM to N-CAM) binding by univalent fragments of specific anti-N-CAM antibodies has previously been found to alter neural tissue patterns in vitro. To show that significant alterations can also occur in vivo, antibodies to Xenopus N-CAM were embedded in agarose microcylinders and implanted in the tecta ofjuvenile Xenopus laevis frogs that were undergoing regeneration of their retinotectai projections; 1 week later, the effects of implantation on the projection pattern from the optic nerve were determined. Both polyclonal and monoclonal antibodies to N2CAM distorted the retinotectal 'projection pattern and greatly decreased the precision of the projection; these alterations recovered to near normal after an additional 3 weeks. Similar but smaller effects were obtained when normally developing froglets received tectal implants. In control animals, implants of immunoglobulins from preimmune serum and monoclonal antibodies not directed against N-CAM had little or no effect on the pattern. The results suggest that neuronal adhesion mediated by N-CAM is important in establishing and maintaining the precision and topography of neural patterns.
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The neural projection from the eye to the optic tectum (the retinotectal projection) is the major visual pathway in the frog. It is ordered in such a fashion that a "map" of the visual field of the eye is conveyed intact to the contralateral optic tectum. In this map, cells from neighboring regions of the retina send axons down the optic nerve and terminate at neighboring loci in the tectum. The retinotectal system has served as an important model in the analysis of neural patterning because of its stereotyped pattern of connections, its accessibility to experimental intervention, and the availability of straightforward methods for assaying the order of the projection (for a review, see ref. 1) . Both the order and the precision of the retinotectal projection can be determined during development and regeneration by means of anatomical or extracellular electrophysiological techniques.
After damage to the optic nerve, the retinotectal map can regenerate with proper orientation and near-normal precision within weeks (2) (3) (4) . While some evidence now indicates that an activity-dependent process is involved in refining the order of the projection, its overall topography can be formed in the absence of visual experience or nerve activity (3, 4) . Furthermore, experiments on the development of the projection pattern have indicated that a normally oriented projection can form in the absence of the optic tract or nerve activity (5, 6) . The overall picture that emerges is that the retinotectal projection is initially patterned by cell interactions independent of the path of arrival of nerve fibers or their neuronal activity; the later refinement of the projection appears, however, to be an activity-dependent process.
Adhesive interactions between cells during development have been assigned a central position in several models of the patterning process (7) (8) (9) . A detailed understanding of neuronal adhesion requires analysis at the molecular level. New functional assays for cell adhesion based on generally applicable methods of immunological identification have recently led to the isolation and characterization of a number of different cell adhesion molecules (CAMs) (9) (10) (11) . These include two neuronal molecules: N-CAM, which is responsible for homotypic neuron-neuron adhesion by a homophilic mechanism (N-CAM to N-CAM binding), and Ng-CAM, which mediates heterotypic neuron-glia adhesion by a heterophilic mechanism [Ng-CAM binding to an as yet unidentified glial CAM (11) ]. Of the two neuronal molecules, N-CAM has been more extensively analyzed and has been shown to undergo cell surface modulation (9) both in its amount and in its carbohydrate structure during development. These findings, along with the observation that neural patterns in cultured chicken retina and dorsal root ganglia are strongly perturbed by univalent fragments of specific anti-N-CAM antibodies, have raised the possibility that N-CAM might play a part in ordering maps in vivo (9) . The parallels between the known chemistry and distribution of N-CAM and the homophilic adhesive interactions postulated to be important in nerve patterning (7) provoked us to investigate the role of N-CAM in the arrangement of the retinotectal projection.
The experimental design for our study was straightforward. Antibodies to Xenopus N-CAM were incorporated into agarose "spikes" and implanted into the optic tectum of young Xenopus froglets either undergoing optic nerve regeneration or normal development. One week after implantation, the pattern and precision of the retinotectal projection were assayed using electrophysiological techniques. A distortion in the pattern of the projection and a large decrease in its precision were observed in the presence of specific antibodies to Xenopus N-CAM.
MATERIALS AND METHODS Antibodies. N-CAM was prepared from Xenopus tadpoles and antibodies were raised essentially as described (12) . These antibodies react specifically with Xenopus N-CAM present in extracts ofXenopus brain membrane separated by sodium dodecyl sulfate/polyacrylamide gel electrophoresis. Antibodies against the chicken liver cell adhesion molecule, L-CAM, have been described (10) . The (3) (4) (5) (6) mg/ml) was added. The plate was sealed and refrigerated for 24 hr; internal humidity was regulated by a 1 M salt solution placed inside the multiwell plate. After 24 hr, the antibody solution in the wells had been concentrated by evaporation so that most of it was associated with the agarose cylinder.
The agarose cylinder was then removed from the well, allowed to dry further at room humidity, and then cut into sharpened "spikes" =500 Aum long. This partial drying further concentrated both the agarose and the antibody, producing a spike with enough inherent strength to be handled with the jewelers forceps used to implant it into the tectum. The concentrating and drying steps of this procedure resulted in a spike of about 100 ,um diameter made of =12% agarose and containing -0.5 ,ug of antibody.
Insertion of the Implants. The antibody implants were introduced into the tectum 3 weeks after the nerve crush. The Fig. 1 .
RESULTS
Both normal frogs and frogs in the midst of regenerating their retinotectal projections were used in the studies. The normal (nonregenerating) animals provided the advantage of a wellordered and refined retinotectal projection against which to test the effects of the anti-N-CAM implants. Regenerating animals were more frequently used, however, because they were clearly undergoing larger synaptic rearrangements at the time that specific antibodies to N-CAM were introduced into their tecta. At the time of implantation (3 weeks after a nerve crush), the regenerating animals had already formed an ordered but somewhat imprecise projection to the tectum, which normally would refine to near-normal order over the next few weeks. Although similar results were obtained for both normal and regenerating animals, the description below centers mainly on the regenerating animals, because more data were collected for them.
One week after implantation of the antibody, both the order of the retinotectal projection and the size of the receptive fields for each electrode position were assayed using extra-cellular electrophysiology. Representative patterns are displayed in Fig. 2 . The retinotectal maps observed can be classed into three categories: class 1, indistinguishable from normal; class 2, correct overall orientation of the map but with distortions in the pattern of the projection; class 3, jumbled orientation with a large central blind spot. Animals with class 1 and class 2 projection patterns always showed responses from all regions of the visual field. The effects of different antibodies on the pattern of the projection and the average receptive field sizes in the treated animals are listed for comparison in Table 1 .
Class 1 patterns were obtained from animals implanted with antibodies not directed against N-CAM. The pattern was quite normal, and demonstrated near-normal receptive fields (Fig. 2B) . Receptive field sizes for these animals continued to refine with time, just as they did in regenerating control animals with no implants.
Class 2 patterns resulted from implants containing antibodies 684 and 7C8 directed against Xenopus N-CAM. Animals with implants of antibody 1OH4, also directed against Xenopus N-CAM, showed class 2 patterns in one-half of the cases. In the class 2 patterns, a complete set of optic nerve fibers projected to the tectum, but the pattern of the projection was distorted. The size of the receptive fields was increased in class 2 animals, indicating a parallel decrease in the precision of the projection. The distortions found in class 2 projection patterns were most noticeable for positions near the implant, and they appeared to be somewhat larger along the anteroposterior dimension of the tectum than along the medio-lateral dimension (Fig. 2C) tered by the treatments, and it supports the argument that the increases in the size of multiunit receptive fields are the result of decreased precision in the projection pattern. Consistent with these findings, preliminary experiments using autoradiographic tracing of the optic nerve fibers suggested that the fiber density in the central region of the tectum was lower in antibody-treated animals with class 2 patterns than in untreated animals or in animals with class 1 patterns (unpublished data). Detailed correlation of these anatomical findings with the physiological findings remains to be done.
Because the receptive field sizes were most affected near the antibody implant, the average receptive field sizes that are listed in Table 1 , based on the whole visual field of the animal, are likely to underestimate the receptive field sizes in the most affected region of a class 2 projection pattern. This averaging procedure also increases the standard deviation of the measurement by including both more-and lessaffected regions. Nevertheless, the average receptive field size for these animals was significantly increased over that found in normal or class 1 animals.
As indicated above, not all antibodies had similar efficacies in producing class 2 patterns: monoclonal antibody 1OH4 directed against Xenopus N-CAM had a variable effect on patterning and field size ( Table 1 ). The ability of antibodies to perturb the projection pattern appeared to be correlated with their ability to block adhesive interactions in vitro. In preliminary experiments, antibody 1OH4 was less effective at blocking the aggregation of Xenopus membrane vesicles than either monoclonal antibody 7C8 or Fab' fragments of polyclonal rabbit antibody 684 (unpublished data).
Normal animals that were implanted with antibodies 684 and 1OH4 showed class 2 patterns, which were affected to a lesser degree than their counterparts in the regenerating animals. These normal animals also showed similar, though less Proc. Nad Acad Sci. USA 81 (1984) severe, effects on the receptive field sizes. This suggests that the comparable but more extensive changes described for regenerating animals were not solely the result of special states induced only in regenerating optic nerve fibers. In contrast to the patterns described so far, class 3 projection patterns consisted of a large central blind spot (>1500) from which no visually evoked responses could be recorded (Fig. 2D) . Such patterns appeared in only 4 of the 50 animals used in this study, twice for anti-N-CAM implants and twice for control implants. Although class 3 animals also demonstrated dramatically increased receptive field sizes, exact measurements were difficult to make because of the eccentric positions of those parts of the retina that were responsive. The large blind spot in the class 3 projection pattern may indicate that the central retina or central optic nerve fibers were somehow damaged by the treatments themselves or by an infection as a consequence of the implant operation. This is consistent with the finding that the projection patterns of animals with class 3 patterns failed to return to normal. Several weeks after the implant, these animals still showed a large central blind region, possibly indicating that a large fraction of the optic nerve fibers had been killed or otherwise prevented from innervating the tectum. Preliminary experiments using autoradiographic tracing of the optic nerve fibers also showed that the innervation of the optic tectum was greatly decreased in class 3 animals, consistent with the lack of a projection from the central retina.
Gross examination failed to show other anomalies that might be attributed to the experimental manipulation. This is exemplified in Fig. 3 , which shows the position of the implant and the general good health of the tectum; after 4 weeks, the tectum had returned to essentially normal gross morphology. It is important to note that within 4 weeks after the implantations, the projection pattern and the size of the receptive fields had returned to values much closer to normal in all cases assayed showing class 2 changes. This suggests that the induced perturbations were reversible. More precise correlation of this effect with the time-dependent depletion of antibodies within the implanted tectum will require both extensive histochemical analysis and radioactive tracer studies.
DISCUSSION
The results presented here show that the order of the retinotectal projection is altered by introducing antibodies against N-CAM into the tectal neuropil. Anti-N-CAM causes both a local distortion in the patterning of the retinotectal projection and a decrease in the precision of the projection, as shown by the enlarged receptive field sizes. Although the magnitude of the distortion in the projection pattern was somewhat larger along the anteroposterior dimension of the tectum, the decrease in the precision of the projection evidenced by the increases in receptive field sizes was not obviously greater along one dimension than the other.
In general, the implant technique appeared to offer a means to introduce the desired antibody with a minimum of trauma, as shown by the similarity of the tectal projections of animals with control implants to the projections of normal animals. Tissues surrounding the implants remained healthy in appearance throughout the large majority of experiments, and electrophysiological responses could always be recorded from them. As already discussed, the few cases containing large regions from which no responses could be recorded were set aside in class 3 for separate analysis.
The effects obtained when antibodies to Xenopus N-CAM were applied either to the tecta of normal frogs or to the tecta of frogs in the process of regenerating their retinotectal projections were very similar. This indicates that the retinotectal projection need not be in the midst of massive synaptic reorganization and refinement for the antibodies to have their effects. Antibodies to N-CAM therefore do not merely block the re-establishment of an ordered projection but, in addition, can cause the degradation of a well-ordered projection. Recent evidence indicates that the Xenopus visual system is continually undergoing minor synaptic rearrangements to compensate for the ongoing growth of the retina and the tectum (see ref. 13 ). The effect of the antibody on the projection in normal frogs may therefore have occurred as a result of interference with this normal ongoing dynamic rearrangement of the retinotectal projection. The reversibility of the effects of perturbation by antibodies in class 2 animals after prolonged times of implantation is also consistent with the idea that the rearrangement is a dynamic process.
On the basis of early experiments on the lower vertebrate visual system, Sperry (2) proposed that the retinotectal projection pattern is ordered by detailed chemospecific interactions between the optic nerve fibers and the tectal cells. Although certain aspects of this proposal, such as the existence of large numbers of prespecified markers responsible for the microscopic details of mapped patterns (14) , appear incompatible with the results of more recent experiments, the basic premise of chemical cues in the retina and tectum has formed the backdrop for a great body of experimental work and for models in which cell adhesion plays a central role. Two such models (7, 8) propose a dominant position-independent adhesion between neurons, which is supplemented by one or more minor quantitative gradients of adhesion to provide positional information. The previously demonstrated dominant role of homophilic N-CAM to N-CAM binding in neuronneuron adhesion (9, 15) , when combined with the results of the present experiments, suggests that N-CAM may mediate the dominant adhesive interaction called for by these models.
N-CAM has been shown to be differentially modulated in prevalence at the cell surface during early embryonic development and during histogenesis, consistent with a dynamic view of the early establishment of projections. During development it undergoes a conversion from a heterogeneous form containing very large amounts of polysialic acid (E form) to several less heterogeneous forms (A form) with lesser amounts of this sugar. Both the prevalence modulation and the later chemical modulation [called E to A conversion (9) ] are accompanied by changes in the rates of homophilic binding (15) . The existence of these modulation mechanisms raises the possibility that the minor positional variations in adhesion proposed by the neural patterning models might also be provided by alterations in the relative amounts or chemical properties of N-CAM.
Although the concordance between these findings and certain predictions of neural patterning models is generally satisfactory, it does not preclude the possibility of other mechanisms coming into play. For example, the results of dynamic alterations of the amounts as well as the forms of N-CAM on individual neurites and growth cones remain to be determined. The contribution to neural patterning of Ng-CAM (11) also needs' to be assessed in view of the possibility that coordinate variations in neuron-neuron and neuron-glia interactions might contribute to patterning. The existence of such local or interactive contributions would not be directly detected by the perturbation methods used in the experiments described here. Nonetheless, the present studies clearly show that disrupting the cell-cell adhesion mediated by N-CAM is sufficient to distort the pattern of the retinotectal projection as well as to decrease its precision; the results support the hypothesis that N-CAM plays a central role in the formation of neuronal projections (9) . Quantitative refinement of the experimental approach described here and its execution at a more microscopic level may help to ascertain the role of defined molecular interactions in the in vivo patterning of neurons and their interconnections.
